Introduction {#aur1687-sec-0001}
============

Autism spectrum disorder (ASD) is an increasingly prevalent neurodevelopmental disorder, characterised by deficits in socio‐emotional functions and language development, as well as repetitive and/or restrictive behaviours \[DiCicco‐Bloom et al., [2006](#aur1687-bib-0014){ref-type="ref"}; Geschwind, [2009](#aur1687-bib-0025){ref-type="ref"}; Lai, Lombardo, & Baron‐Cohen, [2014](#aur1687-bib-0036){ref-type="ref"}; Llaneza et al., [2010](#aur1687-bib-0038){ref-type="ref"}\]. In addition, ASD manifests clinically in a broad and heterogeneous fashion, consistent with the notion that there are likely a plethora of possible etiological factors, including both genetic and environmental influences. Thus, ASD remains a clinical syndrome, and not a specific etiologically defined disorder. The prominent heterogeneity in autism has been a challenge for investigators to uncover its neurobiological mechanisms and identify interventions for affected individuals. Currently, only co‐morbid manifestations of the disorder can be alleviated, but not the core symptoms \[DiCicco‐Bloom et al., [2006](#aur1687-bib-0014){ref-type="ref"}; Geschwind, [2009](#aur1687-bib-0025){ref-type="ref"}; Lai et al., [2014](#aur1687-bib-0036){ref-type="ref"}; Llaneza et al., [2010](#aur1687-bib-0038){ref-type="ref"}; Veenstra‐VanderWeele & Warren, [2015](#aur1687-bib-0074){ref-type="ref"}\].

For normal brain function and behaviour, neural circuits must maintain a precise organisation, but become disrupted in various neurological diseases. ASD has been characterised as a distributed central nervous system disorder that affects multiple brain regions \[DiCicco‐Bloom et al., [2006](#aur1687-bib-0014){ref-type="ref"}; Lai et al., [2014](#aur1687-bib-0036){ref-type="ref"}; Maximo, Cadena, & Kana, [2014](#aur1687-bib-0040){ref-type="ref"}\]. Recent studies have pointed to improper development of neural circuits as a potentially unifying mechanism in autism. At molecular and cellular levels, synaptic dysfunction has been a main focus of earlier studies, mainly because multiple autism susceptibility genes are involved in the postsynaptic signalling of glutamatergic synapses \[Betancur, Sakurai, & Buxbaum, [2009](#aur1687-bib-0004){ref-type="ref"}; Bourgeron, [2009](#aur1687-bib-0005){ref-type="ref"}; Buxbaum et al., [2012](#aur1687-bib-0007){ref-type="ref"}; Peca & Feng, [2012](#aur1687-bib-0054){ref-type="ref"}; Zoghbi & Bear, [2012](#aur1687-bib-0079){ref-type="ref"}\]. In addition, changes in the size, shape and number of dendritic spines have been observed in both patients and animal models \[Hutsler & Zhang, [2010](#aur1687-bib-0031){ref-type="ref"}; Phillips & Pozzo‐Miller, [2015](#aur1687-bib-0055){ref-type="ref"}; Tang et al., [2014](#aur1687-bib-0070){ref-type="ref"}; Zoghbi & Bear, [2012](#aur1687-bib-0079){ref-type="ref"}\]. At the tissue level, disruption in functional connectivity has been consistently identified using neuroimaging techniques \[Maximo et al., [2014](#aur1687-bib-0040){ref-type="ref"}\]. The identified impairments include both focal deficits in particular brain regions and aberrant long‐range connections between different lobes. Although much has been learned, many aspects in the development of neural circuits in ASD remain unknown. Specifically, whether precise patterns of synaptic connections are formed and maintained in autistic brains is uncertain.

Primary sensory processing could be critical for higher‐order social and cognitive tasks. Although impairment in sensory function has been reported since the earliest descriptions of ASD, its importance has only more recently been appreciated. For example, hyper‐ or hyporeactivity to sensory input or unusual interests in sensory aspects of the environment are included as part of the core symptoms of ASD only in the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM‐5) released in 2013. Regarding visual processing, studies have observed both superior and deficient performance during behavioural or perceptual tasks in individuals with ASD. Overall, there is consensus that autistic patients could perform better when local visual details are the focus of the task \[Baum, Stevenson, & Wallace, [2015](#aur1687-bib-0002){ref-type="ref"}\]. However, there is much debate about whether "higher‐level," integrative mechanisms or "lower‐level," primary processing contribute to the observed changes in visual function \[Baum et al., [2015](#aur1687-bib-0002){ref-type="ref"}\].

Eye‐specific segregation in the dorsal lateral geniculate nucleus (dLGN) is a model system to study how precise patterning of synaptic connections form and refine during development \[Guido, [2008](#aur1687-bib-0026){ref-type="ref"}; Huberman, Feller, & Chapman, [2008](#aur1687-bib-0029){ref-type="ref"}; Shatz, [1996](#aur1687-bib-0060){ref-type="ref"}\]. The LGN is a relay centre along the visual pathway located in the dorsal part of the thalamus. It receives input from the retina via the optic nerve and projects to the visual cortex. The adult dLGN is characterised by its stereotyped organisation into discrete eye‐specific domains, which are evident as non‐overlapping regions of afferents from the two eyes. For a given species, axons of retinal ganglion cells from the contralateral and ipsilateral eye project to distinct domains with stereotyped shape, position, and cross‐sectional area in the adult dLGN. During normal development, the retino‐geniculate afferents from the two eyes are initially overlapping before they gradually segregate into eye‐specific regions. In mice, eye‐specific segregation in dLGN occurs during the first few weeks after birth. This process can be conveniently studied by labelling retinal afferents from both eyes with an anterograde tracer \[Guido, [2008](#aur1687-bib-0026){ref-type="ref"}; Huberman et al., [2008](#aur1687-bib-0029){ref-type="ref"}; Shatz, [1996](#aur1687-bib-0060){ref-type="ref"}\].

The BTBR T + tf/J (BTBR) inbred strain has been increasingly used to explore the neurobiology of ASD and to identify potential interventions \[Llaneza et al., [2010](#aur1687-bib-0038){ref-type="ref"}; McFarlane et al., [2008](#aur1687-bib-0041){ref-type="ref"}; Moy et al., [2007](#aur1687-bib-0048){ref-type="ref"}; Ruskin et al., [2013](#aur1687-bib-0057){ref-type="ref"}; Smith, Rho, Masino, & Mychasiuk, [2014](#aur1687-bib-0063){ref-type="ref"}\]. This model was identified in an extensive effort to characterise ten inbred mouse strains possessing autism‐like behaviours \[Moy et al., [2007](#aur1687-bib-0048){ref-type="ref"}\], and was later shown to display behavioural phenotypes relevant to all three core diagnostic symptoms of autism \[McFarlane et al., [2008](#aur1687-bib-0041){ref-type="ref"}\]. Additional tests conducted in multiple independent laboratories further confirmed that BTBR animals display prominent deficits in multiple social interaction and communication assays, and exhibit repetitive and stereotyped behaviours. Thus, the BTBR strain has been considered a consistent and robust animal model of autism, reflecting the more common form of non‐syndromic ASD \[Gaugler et al., [2014](#aur1687-bib-0024){ref-type="ref"}\]. Although its phenotype is probably not due to a single genetic change, making the study of the molecular and cellular mechanisms potentially challenging, it nonetheless offers an opportunity to identify structural and functional changes underlying the robust behavioural phenotype. Notably, studies using magnetic resonance imaging have uncovered profound impairments in both structural and functional connectivity \[Dodero et al., [2013](#aur1687-bib-0015){ref-type="ref"}; Ellegood, Babineau, Henkelman, Lerch, & Crawley, [2013](#aur1687-bib-0017){ref-type="ref"}; Ellegood et al., [2015](#aur1687-bib-0016){ref-type="ref"}; Fenlon et al., [2015](#aur1687-bib-0020){ref-type="ref"}; Nie et al., [2010](#aur1687-bib-0050){ref-type="ref"}; Sforazzini et al., [2016](#aur1687-bib-0059){ref-type="ref"}; Squillace et al., [2014](#aur1687-bib-0064){ref-type="ref"}\].

In the present study, we investigated circuit formation and refinement in the BTBR animals by examining retinal input and eye‐specific segregation in the dLGN. We compared the results to those from C57BL/6J (B6) mice, a strain with a normal social phenotype and low repetitive behaviours and which have been routinely used as controls for BTBR mice in ASD‐related studies \[Ellegood and Crawley, [2015](#aur1687-bib-0018){ref-type="ref"}; Llaneza et al., [2010](#aur1687-bib-0038){ref-type="ref"}; Meyza et al., [2013](#aur1687-bib-0045){ref-type="ref"}\]. In addition, B6 mice have been used to establish the developmental trajectory of eye‐specific segregation in mice \[Jaubert‐Miazza et al., [2005](#aur1687-bib-0032){ref-type="ref"}; Stevens et al., [2007](#aur1687-bib-0068){ref-type="ref"}\]. Here, we found altered retinal input fields and increased overlap between the ipsi‐ and contralateral afferents in the dLGN of BTBR animals, during development and at the adult stage.

Methods {#aur1687-sec-0002}
=======

Animals {#aur1687-sec-0003}
-------

Both neonatal (postnatal day 8, P8) and adolescent (postnatal day 30, P30) male B6 and BTBR mice were used. Importantly, retino‐geniculate segregation will have reached the mature pattern by the latter age. All surgical procedures were performed in accordance with the recommendations of the Canadian Council for Animal Care. The protocol was approved by the Health Sciences Animal Care Committee of the University of Calgary.

Anterograde Labelling {#aur1687-sec-0004}
---------------------

Established procedures were followed to label retino‐geniculate projections \[Demas et al., [2006](#aur1687-bib-0013){ref-type="ref"}; Huberman, Stellwagen, & Chapman, [2002](#aur1687-bib-0030){ref-type="ref"}; Muir‐Robinson, Hwang, & Feller, [2002](#aur1687-bib-0049){ref-type="ref"}; Stellwagen & Shatz, [2002](#aur1687-bib-0067){ref-type="ref"}; Stevens et al., [2007](#aur1687-bib-0068){ref-type="ref"}\]. Mice were anesthetised with ≤5% isofluorane vapours. Prior to natural eye opening, fused eyelids were separated to expose the temporal region of the eye. The sclera was pierced with a 30‐gauge needle and excess vitreous was drained. A Hamilton syringe, filled with a 0.2% solution of the B subunit of cholera toxin (CTB, Life Technologies) conjugated to either Alexa Fluor 555 (red) or Alexa Fluor 488 (green) dissolved in distilled water, was inserted into the hole made by the needle. A prescribed volume (2 μL for P8 and 5 μL for P30 animals) of solution was slowly injected into the eye. Each eye was injected with a different fluorescent conjugate so that the retinal input from both eyes could be visualised simultaneously in a single section of the dLGN. The following day, animals were deeply anesthetised and transcardially perfused with 4% paraformaldehyde in PBS.

Tissue Processing {#aur1687-sec-0005}
-----------------

Tissue was processed according to previously described methods \[Cheng, Cai, & Belluscio, [2011](#aur1687-bib-0010){ref-type="ref"}\]. Brains were removed and post‐fixed, embedded in gelatin, cryoprotected in 30% sucrose, sectioned in the coronal plane using a cryostat with the thickness of 90 μm, stained with 4′,6′‐diamidino‐2‐phenylindole (DAPI) and mounted onto slides.

Image Acquisition {#aur1687-sec-0006}
-----------------

Following established methods \[Demas et al., [2006](#aur1687-bib-0013){ref-type="ref"}; Huberman et al., [2002](#aur1687-bib-0030){ref-type="ref"}; Muir‐Robinson et al., [2002](#aur1687-bib-0049){ref-type="ref"}; Stellwagen & Shatz, [2002](#aur1687-bib-0067){ref-type="ref"}; Stevens et al., [2007](#aur1687-bib-0068){ref-type="ref"}\], images of 3--5 consecutive sections through the middle part of the dLGN were acquired with a Zeiss LSM 510 confocal microscope.

Image Analysis {#aur1687-sec-0007}
--------------

Data analysis was performed following established methods \[Demas et al., [2006](#aur1687-bib-0013){ref-type="ref"}; Huberman et al., [2002](#aur1687-bib-0030){ref-type="ref"}; Muir‐Robinson et al., [2002](#aur1687-bib-0049){ref-type="ref"}; Stellwagen & Shatz, [2002](#aur1687-bib-0067){ref-type="ref"}; Stevens et al., [2007](#aur1687-bib-0068){ref-type="ref"}\], using a custom‐developed MATLAB program. An adaptive threshold paradigm similar to the ones used in previous reports \[Demas et al., [2006](#aur1687-bib-0013){ref-type="ref"}; Huberman et al., [2002](#aur1687-bib-0030){ref-type="ref"}; Muir‐Robinson et al., [2002](#aur1687-bib-0049){ref-type="ref"}; Stellwagen & Shatz, [2002](#aur1687-bib-0067){ref-type="ref"}; Stevens et al., [2007](#aur1687-bib-0068){ref-type="ref"}\] was used that specifies a level in the grey scale histogram where an abrupt increase in the intensity occurred (i.e., the distinction point between signal and residual background fluorescence). Specifically, pixel intensities were arranged in ascending order and the threshold was defined as the value at which the median intensity slope over N% (*N* = 1.5, 2, 2.5 or 3) of the total number of pixels in the image became positive. Thus, the program‐defined threshold took into account the entire image and was adaptive to the variations in the overall signal intensity among sections. Pixel intensity for each channel was then digitised so that every pixel greater than or equal to the defined threshold level was assigned a value of 1; otherwise, the pixel was given a value of 0. For terminal fields belonging to contralateral or ipsilateral axons, the total number of pixels in the defined area of LGN representing either green or red fluorescence was measured. Pixels that score 1 in both red and green channels were considered overlapping areas and were represented as yellow. A multi‐threshold protocol \[Torborg, Hansen, & Feller, [2005](#aur1687-bib-0071){ref-type="ref"}\] was further employed to compare the overlap across a range of signal to noise values, which has been used for direct statistical comparison of eye‐specific segregation between various strains of mice at different ages, including wild‐type and transgenic mice.

Statistical Analysis {#aur1687-sec-0008}
--------------------

Student\'s *t*‐test was performed to test statistical significance between BTBR and B6 data, assuming two‐tailed distribution and two‐sample unequal variance. Values represent the mean ± SEM, and significance was taken at *P* \< 0.05.

Results {#aur1687-sec-0009}
=======

Retinal Input Field in the dLGN was Altered in BTBR Animals {#aur1687-sec-0010}
-----------------------------------------------------------

To study retinal input in the dLGN, we labelled retinal afferents from both eyes with an anterograde tracer conjugated with different fluorophores (Fig. [1](#aur1687-fig-0001){ref-type="fig"}A). In the dLGN of control B6 animals at postnatal day 8 (P8), the ipsilateral domain (red signal) which receives input from the ipsilateral eye is surrounded by the contralateral domain (green signal), with stereotyped shape, position, and cross‐sectional area in the dorsal thalamus (Fig. [1](#aur1687-fig-0001){ref-type="fig"}B) \[Guido, [2008](#aur1687-bib-0026){ref-type="ref"}; Huberman et al., [2008](#aur1687-bib-0029){ref-type="ref"}; Shatz, [1996](#aur1687-bib-0060){ref-type="ref"}\]. The retinal input field in the BTBR animals of the same age was also organised into distinct ipsilateral and contralateral domains. However, it displayed an overall different structure (Fig. [1](#aur1687-fig-0001){ref-type="fig"}B), with a smaller cross‐sectional area (measured in Fig. [3](#aur1687-fig-0003){ref-type="fig"}A) and a more rounded shape. The relative position of dLGN in the dorsal thalamus was similar between B6 and BTBR animals (Fig. [1](#aur1687-fig-0001){ref-type="fig"}B). The changes in the general structure of the dLGN in the BTBR animals were striking, since studies examining the role of retinal activity, axon guidance molecules, and immune molecules have thus far not identified such overall deficits \[Guido, [2008](#aur1687-bib-0026){ref-type="ref"}; Huberman et al., [2008](#aur1687-bib-0029){ref-type="ref"}; Shatz, [1996](#aur1687-bib-0060){ref-type="ref"}\].

![Retinal input to dLGN in the BTBR animals was smaller in cross‐sectional area and more rounded in shape, but with similar relative location, compared with that in the B6 animals. (**A**) Experimental design. CTB conjugated with green fluorophore was injected into one eye of the mouse, while CTB conjugated with red fluorophore injected into the other eye. CTB is taken up by retinal ganglion cells and then transported anterogradely by the optic nerve to the axon terminals in the dLGN. Domains with input from either contralateral or ipsilateral eye can be clearly recognised in dLGN, and given a certain species, they have characteristic shape, cross‐sectional area, and position. (**B**) Left panel: representative image of middle dLGN in the B6 animal. Green signal shows retina ganglion cell input from the contralateral eye, while red signal shows input from the ipsilateral eye. White signal shows DAPI nuclear staining. Right panel: compared with the B6 brain, retinal input to dLGN in the BTBR animals was smaller in cross‐sectional area and more rounded in shape. However, its location was relatively unchanged. Consistent with previous studies \[Mercier, Kwon, & Douet, [2012](#aur1687-bib-0042){ref-type="ref"}\], excessive separation of the two hippocampi was also observed in the BTBR brain. Scale bar: 400 μm.](AUR-10-212-g001){#aur1687-fig-0001}

BTBR Mice have Impaired Eye‐Specific Segregation during Neonatal Development {#aur1687-sec-0011}
----------------------------------------------------------------------------

Next, we examined eye‐specific segregation in the dLGN of P8 animals by quantifying the degree of overlap between the contralateral and ipsilateral inputs. After removing background fluorescence, the pixels showing both contralateral (green) and ipsilateral (red) signal were considered regions of overlap (yellow) and counted (Fig. [2](#aur1687-fig-0002){ref-type="fig"}A). The degree of overlap was presented as the percentage of overlapping regions to the total dLGN area (Fig. [2](#aur1687-fig-0002){ref-type="fig"}B). Compared to B6 animals that have been routinely used as a reference strain in studying eye‐specific segregation \[Jaubert‐Miazza et al., [2005](#aur1687-bib-0032){ref-type="ref"}; Stevens et al., [2007](#aur1687-bib-0068){ref-type="ref"}\], the BTBR animals showed a significantly higher degree of overlap (*P* \< 0.05) between the contralateral and ipsilateral input (Fig. [2](#aur1687-fig-0002){ref-type="fig"}B, *n* = 5 animals for the B6 group and *n* = 7 animals for the BTBR group). Importantly, this observation was independent of the threshold used (Fig. [2](#aur1687-fig-0002){ref-type="fig"}B), indicating that the difference between the two strains was robust across a range of signal‐to‐noise values.

![BTBR animals showed deficits in eye‐specific segregation during neonatal development. (**A**) Representative images of dLGN receiving both contralateral (green signal) and ipsilateral (red signal) input from the two eyes, and the overlap between the two (yellow pixels), which became apparent after the image was thresholded and digitised. BTBR mice at P8 had increased intermingling between the retinal ganglion cell axons from left and right eyes compared with B6 control. Scale bar: 200 μm. (**B**) Quantification of the percentage of dLGN receiving overlapping inputs in the BTBR vs. B6 animals at P8. BTBR mice exhibit significantly more overlap than the B6 mice, regardless of the threshold used. Data are represented as mean ± SEM (*n* = 5 animals for the B6 group, and *n* = 7 animals for the BTBR group, *P* \< 0.05 by Student\'s *t*‐test).](AUR-10-212-g002){#aur1687-fig-0002}

BTBR Animals had Less Total dLGN Area but Greater Percentage of Ipsilateral Input in Cross Sections through the Middle dLGN {#aur1687-sec-0012}
---------------------------------------------------------------------------------------------------------------------------

Further analysis showed that the total dLGN area receiving retinal input in cross sections through the middle part of the dLGN was significantly smaller (*P* \< 0.05) in the BTBR vs. B6 animals (Fig. [3](#aur1687-fig-0003){ref-type="fig"}A), consistent with the overall finding mentioned above (Fig. [1](#aur1687-fig-0001){ref-type="fig"}B). Strikingly, the total dLGN area in the BTBR animals was only about 65% of that in the B6 animals (0.17 mm^2^ vs. 0.26 mm^2^), consistent with previously reported major reductions of grey matter in thalamus \[Dodero et al., [2013](#aur1687-bib-0015){ref-type="ref"}\]. Moreover, the percentage of the ipsilateral domain to the total dLGN area was significantly greater (*P* \< 0.05) in the BTBR than B6 animals (Fig. [3](#aur1687-fig-0003){ref-type="fig"}B), while the percentage of the contralateral domain to the total dLGN area was similar between the two strains (Fig. [3](#aur1687-fig-0003){ref-type="fig"}C). These results indicate that a proportionally larger ipsilateral domain in the BTBR mice led to the observed increase of overlap between the contralateral and ipsilateral inputs.

![BTBR animals had less total cross‐sectional area of retinal field but greater percentage of ipsilateral input in the middle dLGN. (**A**) BTBR mice had significantly less total cross‐sectional area of retinal input compared with the B6 animals. (**B**) The percentage of ipsilateral domain to total dLGN area was significantly increased in the BTBR mice compared to the B6 controls. (**C**) There was no significant difference in the percentage of contralateral domain to total dLGN area between the two strains. Mean ± SEM (*n* = 5 animals for the B6 group, and *n* = 7 animals for the BTBR group, *P* \< 0.05 by Student\'s *t*‐test).](AUR-10-212-g003){#aur1687-fig-0003}

Deficits in Eye‐Specific Segregation Continued into Mature Stage in the BTBR Mice {#aur1687-sec-0013}
---------------------------------------------------------------------------------

To investigate whether the increased overlap between the contralateral and ipsilateral input in the BTBR animals was due to delayed maturation of axonal refinement or persistent deficits, we further examined eye‐specific segregation in P30 animals. In mice, the refining process of eye‐specific segregation normally occurs during the first few weeks after birth, and by P30 it reaches the adult pattern \[Guido, [2008](#aur1687-bib-0026){ref-type="ref"}; Huberman et al., [2008](#aur1687-bib-0029){ref-type="ref"}; Shatz, [1996](#aur1687-bib-0060){ref-type="ref"}\]. The same method of quantifying the degree of segregation as used in the P8 animals was used here, and representative images of dLGN from both the B6 and BTBR animals were shown in Figure [4](#aur1687-fig-0004){ref-type="fig"}A. We found that the total cross‐sectional area of dLGN in P30 animals was greater than that in P8 animals for both strains, consistent with general brain growth during development. However, it was still significantly smaller in the BTBR compared with B6 animals at P30 (B6: 0.29 mm^2^, *n* = 6 animals; BTBR: 0.21 mm^2^, *n* = 6 animals, *P* \< 0.01). In addition, the results showed that in both B6 and BTBR animals, the degree of overlap was reduced from P8 to P30 (Fig. [4](#aur1687-fig-0004){ref-type="fig"}B), supporting a refining process reported by previous studies \[Jaubert‐Miazza et al., [2005](#aur1687-bib-0032){ref-type="ref"}; Stevens et al., [2007](#aur1687-bib-0068){ref-type="ref"}\]. However, BTBR animals still showed a significantly higher degree of overlap between the contralateral and ipsilateral input across a range of thresholds used than the B6 animals (Fig. [4](#aur1687-fig-0004){ref-type="fig"}B, *n* = 6 animals for each group). Together, these data indicate that although refinement of eye‐specific segregation did occur in the BTBR animals, the process was impaired leading to persistent deficits in the retino‐geniculate circuit.

![Deficits in eye‐specific segregation continued into mature stage in the BTBR animals. (**A**) Retinogeniculate projection patterns visualised after injecting CTB into left and right eyes of the B6 and BTBR mice. BTBR mice at P30 had more intermingling (yellow pixels in thresholded images, overlap) between retinal ganglion cell axons from left and right eyes compared with the B6 control. Scale bar: 200 μm. (**B**) Quantification of the percentage of dLGN receiving overlapping inputs in the BTBR vs. B6 animals at P30. BTBR mice exhibit significantly more overlap than B6 mice, independent of the threshold used. Data are represented as mean ± SEM (*n* = 6 animals for each group, *P* \< 0.05 by Student\'s *t*‐test).](AUR-10-212-g004){#aur1687-fig-0004}

Aberrant Projections of Retino‐Geniculate Afferents were Observed in the BTBR Mice {#aur1687-sec-0014}
----------------------------------------------------------------------------------

Closer examination of retinal input in the dLGN revealed that in the B6 animals at P30, eye‐specific domains were well‐formed (Fig. [5](#aur1687-fig-0005){ref-type="fig"}A); the contralateral domain (Fig. [5](#aur1687-fig-0005){ref-type="fig"}B) contained little ipsilateral projections (Fig. [5](#aur1687-fig-0005){ref-type="fig"}B2) and vice‐versa (Fig. [5](#aur1687-fig-0005){ref-type="fig"}C, C2). However, in the BTBR animals at a similar age, aberrant retinal projections were observed in the dLGN. Substantial ipsilateral axons projected to the contralateral domain, even in regions far from the ipsilateral domain (Fig. [5](#aur1687-fig-0005){ref-type="fig"}E, E2). Similarly, many contralateral axons projected to the middle of the ipsilateral domain (Fig. [5](#aur1687-fig-0005){ref-type="fig"}F, F2). These data corroborate the observation of increased overlap between the contralateral and ipsilateral input in the BTBR animals and indicate that deficits in retino‐geniculate projection and segregation were not limited to the boundary of eye‐specific domains.

![Aberrant projections in the dLGN of the BTBR animals. dLGN from P30 B6 (**A--C2**) or BTBR (**D--F2**) mice. Boxed regions in lower magnification images (**A** and **D**) correspond to higher magnification images on the right with boxes of the same style (**B--C2** and **E--F2**, respectively). Boxes with solid white line show examples of the contralateral domain, while boxes with dotted white line show the ipsilateral domain. Only the ipsilateral input (red signal) is shown in (**B2**) and (**E2**); similarly, only the contralateral input (green signal) is shown in (**C2**) and (**F2**). There were increased ipsilateral projections within the contralateral domain in the BTBR mice (**E** and **E2**) compared to the B6 mice (**B** and **B2**). Similarly, there were increased contralateral projections within the ipsilateral domain in the BTBR mice (**F** and **F2**) compared to the B6 mice (**C** and **C2**). Scale bar in (**A**) and (**D**): 100 μm, in (**B--C2**) and (**E--F2**): 50 μm.](AUR-10-212-g005){#aur1687-fig-0005}

Discussion {#aur1687-sec-0015}
==========

Potential Mechanisms of Observed Deficits in Eye‐Specific Segregation in the BTBR Strain {#aur1687-sec-0016}
----------------------------------------------------------------------------------------

Although impaired connectivity in the neural circuitry has been consistently found in both ASD patients and animal models from dendritic spines to functional levels, whether precise connections at the synaptic level are formed and maintained in autistic brains has remained unclear. Here, using eye‐specific segregation in the dLGN as a model system, we showed that specific circuit formation and refinement was disrupted in the BTBR mouse model of ASD, suggesting another possible cause of the impaired connectivity observed in the disorder.

A striking anatomical feature of the BTBR mice is agenesis of the corpus callosum \[Meyza et al., [2013](#aur1687-bib-0045){ref-type="ref"}\]. Interestingly, it has been hypothesised that dysgenesis of the corpus callosum constitutes a major risk factor for developing autism \[Paul, Corsello, Kennedy, & Adolphs, [2014](#aur1687-bib-0053){ref-type="ref"}\], and atypical development of the size and microstructure of the corpus callosum has been one of the most replicated neuroimaging findings in individuals with autism \[Frazier & Hardan, [2009](#aur1687-bib-0023){ref-type="ref"}; Wolff et al., [2015](#aur1687-bib-0076){ref-type="ref"}\]. Thus, it is likely that the dysgenesis of the corpus callosum in the BTBR mice may contribute to their autism‐like behaviour, and certainly plays an important role in the disrupted connectivity observed by neuroimaging methods in this model. Because the efferent projections from the dLGN travel through the corpus callosum to reach the visual cortex \[Leyva‐Diaz & Lopez‐Bendito, [2013](#aur1687-bib-0037){ref-type="ref"}\], it is possible that the impaired refinement we observed in the dLGN is secondary to the disrupted structure of the corpus callosum. Future work using the same analysis on other mouse models of ASD with a more normal structure of the corpus callosum would likely to provide more information on this issue.

The study of sensory systems has afforded great insights into the development and maintenance of the intricate neural circuits due to the existence of extraordinarily precise anatomical maps. These maps represent the particular peripheral input sources in the brain and have been found in the somatosensory cortex \[Merzenich, Kaas, Sur, & Lin, [1978](#aur1687-bib-0043){ref-type="ref"}\] including the barrel cortex \[Woolsey & Van der Loos, [1970](#aur1687-bib-0077){ref-type="ref"}\], the visual cortex \[Guido, [2008](#aur1687-bib-0026){ref-type="ref"}; Hubel & Wiesel, [1977](#aur1687-bib-0028){ref-type="ref"}; Huberman et al., [2008](#aur1687-bib-0029){ref-type="ref"}; Raczkowski & Rosenquist, [1983](#aur1687-bib-0056){ref-type="ref"}; Shatz, [1996](#aur1687-bib-0060){ref-type="ref"}; Tusa, Palmer, & Rosenquist, [1978](#aur1687-bib-0073){ref-type="ref"}\], the auditory cortex \[Merzenich, Knight, & Roth, [1975](#aur1687-bib-0044){ref-type="ref"}\], and the olfactory bulb \[Axel, [1995](#aur1687-bib-0001){ref-type="ref"}; Cheng, Bai, Steuer, & Belluscio, [2013](#aur1687-bib-0009){ref-type="ref"}; Mombaerts, [2006](#aur1687-bib-0046){ref-type="ref"}\]. Not only do they provide a way of organizing information flow through different stages in the brain, they also provide useful platforms to study circuit formation and refinement. In the visual system, eye‐specific segregation has been extensively investigated and landmark studies using individual axon labelling have clearly demonstrated elimination of both axon arbours and synapses that are formed inappropriately during the process \[Campbell & Shatz, [1992](#aur1687-bib-0008){ref-type="ref"}; Sretavan & Shatz, [1984](#aur1687-bib-0065){ref-type="ref"}, [1987](#aur1687-bib-0066){ref-type="ref"}\].

Developmental axon pruning is thought to occur through one of the following cellular mechanisms: branch degeneration, branch retraction, or axosome shedding \[Low & Cheng, [2005](#aur1687-bib-0039){ref-type="ref"}\], although the exact mechanism responsible for elimination of incorrect retinal axon branches during eye‐specific segregation is not yet clearly understood. In contrast, many studies have shed light on the mechanisms of synaptic pruning during this developmental process. It has been established that spontaneous and coordinated spiking of retinal ganglion cells (retinal waves) mediates the elimination of synapses and segregation of retinal afferents from the two eyes \[Guido, [2008](#aur1687-bib-0026){ref-type="ref"}; Huberman et al., [2008](#aur1687-bib-0029){ref-type="ref"}; Shatz, [1996](#aur1687-bib-0060){ref-type="ref"}\]. Intriguingly, more recent studies have shown that immune signalling is involved in the synaptic pruning during eye‐specific segregation at the dLGN \[Elmer & McAllister, [2012](#aur1687-bib-0019){ref-type="ref"}; Shatz, [2009](#aur1687-bib-0061){ref-type="ref"}; Wu, Dissing‐Olesen, MacVicar, & Stevens, [2015](#aur1687-bib-0078){ref-type="ref"}\]. As an exaggerated inflammatory profile has been observed in the BTBR animals \[Heo, Zhang, Gao, Miller, & Lawrence, [2011](#aur1687-bib-0027){ref-type="ref"}; Onore et al., [2013](#aur1687-bib-0051){ref-type="ref"}\], it would be of interest to test whether altered immune signalling in the BTBR animals underlies the impairment reported here.

Contribution of Low‐Level Sensory Processing Mechanism to Altered Perception and Behaviour in ASD {#aur1687-sec-0017}
-------------------------------------------------------------------------------------------------

Disturbance in sensory function is prevalent in ASD, reported in up to 87% of the patients \[Baum et al., [2015](#aur1687-bib-0002){ref-type="ref"}\]. Interestingly, it is often significantly correlated with the severity of other core domains of ASD such as social communication \[Foss‐Feig, Heacock, & Cascio, [2012](#aur1687-bib-0022){ref-type="ref"}; Kern et al., [2007](#aur1687-bib-0035){ref-type="ref"}\]. Recently, a concept has been advanced that "lower‐level" sensory processing may be an integral part of the "higher‐order" dysfunction observed in individuals with ASD \[Baum et al., [2015](#aur1687-bib-0002){ref-type="ref"}\]. This hypothesis is naturally plausible because sensory input is the basis of higher‐order social and cognitive functions. However, large‐scale integrative mechanisms such as those related to attention are equally possible to play an important role in the symptoms observed in ASD \[Baum et al., [2015](#aur1687-bib-0002){ref-type="ref"}; Buschman & Kastner, [2015](#aur1687-bib-0006){ref-type="ref"}\]. Thus, teasing apart the contributions of "lower" or primary vs. "higher" or integrative mechanisms would help us to better understand the neurobiological underpinnings of ASD and develop potential therapies.

In the visual system, it has been repeatedly observed that individuals with ASD perform better than typically developing children in tasks requiring information processing on local or detailed information \[Baum et al., [2015](#aur1687-bib-0002){ref-type="ref"}\]. However, there has been much debate about "primary" or "integrative" distinction discussed above. A recent study measured contrast sensitivity across a range of spatial frequencies in a large and defined group of autistic and normally developing participants, and found an increase in sensitivity at higher frequencies in the ASD group \[Keita, Guy, Berthiaume, Mottron, & Bertone, [2014](#aur1687-bib-0034){ref-type="ref"}\]. These data support the notion that early‐stage processing contributes to detail‐oriented perception in ASD, which may be further involved in higher‐level social or cognitive functions.

Studies in animal models of ASD have also shown structural alterations in early‐stage sensory areas. In addition to reduced grey matter volume of lateral thalamus mentioned above, a neuroimaging study also found statistically significant reductions in basal cerebral blood volume in brain regions including the thalamus and somatosensory cortex of BTBR mice, indicating decrease of resting‐state brain activity in these areas \[Dodero et al., [2013](#aur1687-bib-0015){ref-type="ref"}\]. A recent study using brain imaging together with histological analysis found that both the primary visual and somatosensory cortical areas were shifted medially in BTBR mice compared to B6 controls from P7 to P22, and cortical thickness of primary visual cortex was increased in the BTBR mice \[Fenlon et al., [2015](#aur1687-bib-0020){ref-type="ref"}\]. Another study used resting‐state BOLD functional magnetic resonance imaging to map the connectivity among brain regions, and found that the connectional profile of primary visual cortex had aberrant involvement of large ipsilateral and contralateral cortical areas such as the somatosensory, insular and orbitofrontal cortices, and showed an overall larger rostro‐caudal extension in the BTBR compared with B6 mice \[Sforazzini et al., [2016](#aur1687-bib-0059){ref-type="ref"}\]. In a mouse model of tuberous sclerosis complex, which has high co‐occurrence of ASD, defects in ipsilateral retino‐geniculate projections were observed, with normal contralateral projections and segregation between the two \[Nie et al., [2010](#aur1687-bib-0050){ref-type="ref"}\]. In the present study, we observed impairment in eye‐specific segregation at dLGN. Although its importance for visual function in mice remains unclear, our findings are consistent with the notion that early‐stage processing could contribute to altered visual perception in ASD.

Impaired Connectivity as a Unifying Mechanism of Autism {#aur1687-sec-0018}
-------------------------------------------------------

The core symptom domains that define ASD behaviourally, together with the vast heterogeneity of the clinical symptoms, suggest that these deficits likely involve widely distributed neural systems and networks. Accordingly, it has been proposed that ASD may represent a disorder of disrupted connectivity \[Belger, Carpenter, Yucel, Cleary, & Donkers, [2011](#aur1687-bib-0003){ref-type="ref"}; DiCicco‐Bloom et al., [2006](#aur1687-bib-0014){ref-type="ref"}; Lai et al., [2014](#aur1687-bib-0036){ref-type="ref"}; Maximo et al., [2014](#aur1687-bib-0040){ref-type="ref"}; Stigler, McDonald, Anand, Saykin, & McDougle, [2011](#aur1687-bib-0069){ref-type="ref"}\]. Functional neuroimaging studies have shown widespread deficits in neural networks associated with specific domains of information processing, but they have also indicated that not all brain systems are equally affected. Both over‐connectivity and under‐connectivity have been reported in ASD patients, and it has been hypothesised that increased short‐distance or local connection and decreased long‐distance connection may be cardinal features of the disease and underlie the behavioural impairments \[Courchesne & Pierce, [2005](#aur1687-bib-0011){ref-type="ref"}\]. Overall, several mechanisms have been proposed for the disrupted connectivity in ASD, including synaptic malfunction \[Betancur et al., [2009](#aur1687-bib-0004){ref-type="ref"}; Bourgeron, [2009](#aur1687-bib-0005){ref-type="ref"}; Buxbaum et al., [2012](#aur1687-bib-0007){ref-type="ref"}; Hutsler & Zhang, [2010](#aur1687-bib-0031){ref-type="ref"}; Peca & Feng, [2012](#aur1687-bib-0054){ref-type="ref"}; Phillips & Pozzo‐Miller, [2015](#aur1687-bib-0055){ref-type="ref"}; Tang et al., [2014](#aur1687-bib-0070){ref-type="ref"}; Zoghbi & Bear, [2012](#aur1687-bib-0079){ref-type="ref"}\], abnormal enlargement of the brain volume during early development \[Courchesne et al., [2007](#aur1687-bib-0012){ref-type="ref"}; DiCicco‐Bloom et al., [2006](#aur1687-bib-0014){ref-type="ref"}\], as well as abnormal white matter growth and reduced white matter integrity \[DiCicco‐Bloom et al., [2006](#aur1687-bib-0014){ref-type="ref"}; Maximo et al., [2014](#aur1687-bib-0040){ref-type="ref"}; Travers et al., [2012](#aur1687-bib-0072){ref-type="ref"}\].

The establishment and maintenance of precise wiring pattern is also important to ensure proper connectivity and function. However, it has been difficult to trace connections over large distances in the human brain and it remains unclear whether this aspect is affected in ASD. Recent advances in high‐definition fibre tracking \[Fernandez‐Miranda et al., [2012](#aur1687-bib-0021){ref-type="ref"}; Verstynen, Jarbo, Pathak, & Schneider, [2011](#aur1687-bib-0075){ref-type="ref"}\] may soon help advance our knowledge in this area. Alternatively, wiring pattern can be readily examined in animal models of ASD. Here, we report that precise connections between retinal afferents and relay neuron in the dLGN are disrupted in the BTBR mouse model of ASD, suggesting that impaired circuit formation and refinement may be a feature of this disorder. In the future, extending the analysis to other brain regions would shed light on whether the observed deficit in the wiring pattern is specific to dLGN or applies to other visual centres as well \[Morin & Studholme, [2014](#aur1687-bib-0047){ref-type="ref"}\]. For example, retinotopic map in the superior colliculus also develops through a process of refinement \[Huberman et al., [2008](#aur1687-bib-0029){ref-type="ref"}\]. It would be interesting to test whether it is preserved in the BTBR animals; if not, whether the impairment is also a lack of refinement. Similarly, retinotopic mapping is also present in the patterned projection from the LGN to visual cortex \[Huberman et al., [2008](#aur1687-bib-0029){ref-type="ref"}\], and it would be interesting to investigate its integrity as well. In addition, applying similar approaches to other sensory systems mentioned above would further shed light on the potential relation between precise wiring and animal behaviours in ASD. Finally, investigating eye‐specific segregation in other animal models of autism will provide information about specific synaptic patterning and connectivity in a more general context, and doing so in models with known genetic relation to autism may also greatly help to uncover the underlying mechanism of the impairment.

Utility of the BTBR Mouse Model of ASD {#aur1687-sec-0019}
--------------------------------------

The BTBR inbred strain is considered a robust animal model of autism \[Gaugler et al., [2014](#aur1687-bib-0024){ref-type="ref"}\], mainly because it displays all the core behavioural features that define this condition---specifically, impaired social behaviours and communication, as well as stereotyped and restricted behaviours \[Ellegood and Crawley, [2015](#aur1687-bib-0016){ref-type="ref"}; McFarlane et al., [2008](#aur1687-bib-0041){ref-type="ref"}; Meyza et al., [2013](#aur1687-bib-0045){ref-type="ref"}; Moy et al., [2007](#aur1687-bib-0048){ref-type="ref"}; Ruskin et al., [2013](#aur1687-bib-0057){ref-type="ref"}\]. Its consistent behavioural phenotype likely entails an array of molecular and cellular mechanisms that have yet to be fully elucidated. The BTBR model has been increasingly used in ASD‐related studies during the relatively short time since its discovery. These studies have identified alterations in BTBR animals at many levels, including genetic and epigenetic, synaptic, neuroanatomic and functional connectivity, as well as immunological \[Ellegood and Crawley, [2015](#aur1687-bib-0016){ref-type="ref"}; Llaneza et al., [2010](#aur1687-bib-0038){ref-type="ref"}; Meyza et al., [2013](#aur1687-bib-0045){ref-type="ref"}; Shpyleva et al., [2014](#aur1687-bib-0062){ref-type="ref"}\]. While many of them share similarities with the features found in individuals with autism, the relation between these changes and the autism‐like behaviours largely remains to be established. More studies focused on establishing the causal relation between cellular and molecular pathways and the abnormal behaviours may prove fruitful. As mentioned above, the BTBR mouse is an inbred strain, and genetic characterisations thus far have not revealed alterations in high‐confidence risk genes related to ASD \[Jones‐Davis et al., [2013](#aur1687-bib-0033){ref-type="ref"}; McFarlane et al., [2008](#aur1687-bib-0041){ref-type="ref"}\]. Thus, the construct validity of the BTBR model has been questioned. A second difficulty with this model is that comparisons are necessarily made with other inbred strains (most commonly the B6 line). Because there are many genetic differences between these strains, it has been challenging to trace the divergence in physiology and behaviour back to molecular and cellular basis \[Patterson, [2011](#aur1687-bib-0052){ref-type="ref"}\]. Therefore, as discussed above, it would be advantageous to test whether observations could be generalised across different models of ASD. With its robust behavioural phenotype, the BTBR model could complement other animal models of autism, and may be more useful in modelling the form of non‐syndromic ASD.

In summary, we showed that eye‐specific segregation was impaired in the BTBR animals compared to B6 controls. Moreover, these abnormalities persisted into adulthood, and aberrant projections of retino‐geniculate afferents were observed in the BTBR mice. Thus, the formation and refinement of synaptic patterning, which normally maintains a precise organisation vital for brain function and behaviour, was disrupted in the BTBR mouse model. Taken together, these results suggest that disrupted connectivity in general may underlie the autistic behaviours observed in this model of ASD. The findings are also consistent with the hypothesis that early‐stage processing could contribute to altered visual perception in ASD.
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